Parathyroid adenomas (PAs) causing primary hyperparathyroidism (PHPT) are histologically heterogeneous yet have been historically viewed as largely monotypic entities arising from clonal expansion of a single transformed progenitor. Using flow cytometric analysis of resected adenomatous parathyroid glands, we have isolated and characterized chief cells, oxyphil cells, and tumor-infiltrating lymphocytes. The parathyroid chief and oxyphil cells produce parathyroid hormone (PTH), express the calcium-sensing receptor (CASR), and mobilize intracellular calcium in response to CASR activation. Parathyroid tumor infiltrating lymphocytes are T cells by immunophenotyping. Under normocalcemic conditions, oxyphil cells produce ∼50% more PTH than do chief cells, yet display significantly greater PTH suppression and calcium flux response to elevated calcium. In contrast, CASR expression and localization are equivalent in the respective parathyroid cell populations. Analysis of tumor clonality using X-linked inactivation assays in a patient-matched series of intact tumors, preparatively isolated oxyphil and chief cells, and laser-captured microdissected PA specimens demonstrate polyclonality in 5 of 14 cases. These data demonstrate the presence of functionally distinct oxyphil and chief cells within parathyroid primary adenomas and provide evidence that primary PA can arise by both clonal and polyclonal mechanisms. The clonal differences, biochemical activity, and relative abundance of these parathyroid adenoma subpopulations likely reflect distinct mechanisms of disease in PHPT.
tumor heterogeneity | endocrine neoplasia T he parathyroid glands maintain serum calcium concentration within a narrow physiological range through regulated synthesis and secretion of parathyroid hormone (PTH) (1) . Parathyroid neoplasia results in inappropriate secretion of PTH by one or more glands, leading to hypercalcemia and the disease primary hyperparathyroidism (PHPT) (2) . To date, research in the field has focused on histologic and molecular profiling of parathyroid tumors and the investigation of calcium sensing in dispersed cells from parathyroid tumors and normal bovine parathyroid glands. Few studies have characterized the individual cellular constituents of human parathyroid tumors, and no publications have reported live-cell functional evaluation of the different cellular subtypes observed in parathyroid tumors.
Parathyroid adenomas, the most common cause of PHPT, are considered clonal proliferations of a transformed parathyroid cell that has acquired proliferative or survival advantage due to one of several genetic abnormalities including the PRAD1 translocation or mutations in the genes encoding menin, P53, and P27 (3) (4) (5) (6) (7) . Regardless of type, most authors consider parathyroid tumors clonal (8, 9) although intratumoral heterogeneity has been observed and polyclonality of microdissected parathyroid adenomas has been reported (10, 11) .
Although most data support mutation-driven clonal expansion of parathyroid tumors, an alternative model for the origin of parathyroid tumors is that abnormal calcium sensing by parathyroid cells leads to abnormal secretion of PTH initially, followed by proliferation of parathyroid cells in response to chronic demand for increased PTH (12, 13 ). An abnormal calcium-PTH set point has been well-described in aggregate dispersed cells from parathyroid adenomas, and most reports attribute the impaired set point in these cells to decreased expression of the calciumsensing receptor (CASR) (14, 15) or more recently to altered expression of downstream molecules linked to CASR signaling, including RhoGEF and RGS5 (16, 17) . In contrast to clonal expansion following genomic tumor-initiating events, attenuated calcium responsiveness could be expected to drive polyclonal proliferation in the parathyroid gland.
To investigate the composition of parathyroid tumors, we sought to characterize a series of parathyroid adenomas at the cellular and functional level. In this study, we report the isolation and characterization of chief cells, oxyphil cells, and lymphocytes present in parathyroid adenomas and histologically normal parathyroid glands from patients with PHPT. Our results show that parathyroid adenomas removed from patients with PHPT are composed of functionally and genetically distinct oxyphil and chief cells and have varying amounts of infiltrating lymphocytes. The chief and oxyphil cells within parathyroid adenomas have differing ability to respond to changes in ambient calcium and produce PTH although CASR expression is comparable between these parathyroid cell subtypes. Further, we show that a significant proportion of PHPT patients have polyclonal tumors. The relative abundance, functional behavior, and clonal origin of Significance Parathyroid adenomas, the main cause of primary hyperparathyroidism (PHPT), are thought to result from clonal expansion of tumor cells and to be insensitive to normal calcium feedback due to the loss of the calcium-sensing receptor (CASR). Utilizing flow cytometric analysis to isolate and individually study oxyphil cells, chief cells, and lymphocytes from resected parathyroid tumors and glands, we now report previously unrecognized heterogeneity in these tissues with respect to calcium responsiveness, CASR expression, and clonal origin of parathyroid tumors. Such heterogeneity of parathyroid adenomas likely reflects the complex etiopathogenesis and clinical heterogeneity of PHPT. (Fig. 1A, Upper Left) . Ultrastructural analysis by transmission electron microscopy of preparatively isolated P3, P4, and P5 cells showed clear morphological differences between the three populations (Fig. 1A) . Based upon size and morphology, P3 cells were provisionally identified as peripheral blood lymphocytes. P4 cells displayed highly interdigitated plasma membranes, sparse mitochondria, and prominent intracellular secretory granules, all features of parathyroid chief cells (18) . P5 cells were large and contained round nuclei, moderate peripheral chromatin condensation, and numerous mitochondria densely packed throughout the cytoplasm. These characteristics are consistent with the parathyroid oxyphil cell type (19) . We used the same sorting strategy to examine the distribution of these cells types among cells dispersed from single adenomas from 20 patients with PHPT (Fig. 1B) . In these samples, the proportion of lymphocytes present in the dispersed parathyroid adenoma samples tested ranged from 2% to 31.9%. The relative abundance of chief cells ranged from 9.4% to 57.8% of the total viable population. The relative abundance of oxyphil cells ranged from 0.9% to 59.8%. The distribution of these cells did not correlate with any feature of the disease including sex, age, preoperative calcium or PTH, gland weight, or histology.
Results

Flow
To compare the cellular composition of histologically normal and neoplastic parathyroid tissue, we examined a series of five paired tumor and histologically normal (but physiologically suppressed) parathyroid gland biopsy specimens using flow cytometry to assay for the presence of the three cell populations. The relative distribution of oxyphil cells, chief cells, and lymphocytes was remarkably consistent between normal tissues. In contrast, adenomas from different patients have highly variable distribution patterns ( Fig. 2 A and B) . These data indicate that oxyphil cells, chief cells, and lymphocytes are present in both normal tissue and adenomatous tissue, but the relative abundance of these subpopulations can be markedly variable between different adenomas.
To confirm the designation of P3 cells as lymphocytes, we probed P3 cells with the leukocyte common antigen CD45 antibody using standard flow-cytometry methods. P3 cells are uniformly CD45-positive and are indistinguishable in this assay from patient-matched isolated peripheral blood lymphocytes. Subsequent cell-surface marker studies revealed that the majority of P3 cells are CD45
+ , an immunotype consistent with peripheral T cells (Fig. 3A) . These results unambiguously confirm that P3 cells are lymphocytes. CD3 staining on parathyroid adenoma tissue sections showed three predominant patterns: widely separated single cells ( 
/CD8
+ ratio in the P3 population. In contrast to the 2:1 ratio of CD4 + to CD8 + cells found in the bloodstream, CD8
+ effector cells are highly overrepresented in the P3 lymphocytes ( Fig. 3C ). Taken together with the physical distribution of lymphocytes in the parathyroid parenchyma observed by immunohistochemistry (IHC), this result confirms the identity of parathyroid adenoma P3 cells as tumor-infiltrating T cells as opposed to contaminating peripheral blood lymphocytes. We then sought to functionally characterize isolated oxyphil and chief cells by evaluating basal PTH production and cellular response (PTH suppression and intracellular calcium flux) to exogenous calcium. Comparison of PTH production under normocalcemic conditions (1.25 mM) in 11 patient-matched pairs of oxyphil and chief cells showed significantly higher baseline PTH production in the oxyphil cells relative to the chief cells (P = 0.026 by paired t test) (Fig. 4A ). The paired samples showed significant correlation to each other (r = 0.9017), indicating that adenoma PTH output is strongly influenced by patient origin as well as cell type (chief vs. oxyphil). In vitro PTH production by isolated cells correlated well with unsorted cells.
We next compared PTH production over a 2-h period by preparatively isolated oxyphil and chief cells under varied calcium concentrations. Both oxyphil and chief cells secrete PTH when cultured in 0.5 mM, 1.25 mM, and 3.0 mM calcium-containing media. Regardless of calcium concentration, oxyphil cells secreted more PTH per cell than chief cells over the assay interval. At elevated calcium concentrations, PTH production was inhibited incompletely in both oxyphil and chief cells. Normalized PTH secretion profiles of oxyphil and chief cells reveal that both populations show similar PTH suppression at a 3-mM ambient calcium concentration (Fig. 4B) . However, the wide SD clearly reflects heterogeneous responsiveness among the adenomas. The suppressability of PTH secretion by calcium in vitro did not correlate with severity of clinical disease (i.e., calcium and PTH levels in the blood).
We also used flow cytometry-based kinetic analysis to evaluate the relative intracellular responsiveness of the parathyroid cells to changes in extracellular calcium concentration. Stimulation with 3 mM extracellular calcium elicited a rapid and robust intracellular calcium-flux response in the dispersed parathyroid cells as detected by increased Fluo-4 AM mean fluorescent intensity. Clear differences in calcium-flux responses were revealed when we compared the relative activity of the oxyphil cells, chief cells, and lymphocytes (Fig. 4C) . Oxyphil cells are the most responsive and account for the great majority of the overall calciumflux activity in the dispersed parathyroid-cell parental population. Chief cells display a much lower response whereas lymphocytes cells are completely unresponsive. These data indicate that readily identifiable subpopulations of cells within a given parathyroid adenoma display categorically distinct quantitative responses to extracellular-calcium stimulation.
To better understand the heterogeneity of parathyroid adenomas and to explore the question of why parathyroid adenomas do not sense calcium properly and fail to regulate PTH secretion, we examined CASR expression in parathyroid adenomas from a series of patients with PHPT. First, we used immunofluorescence detection to evaluate CASR protein expression in isolated oxyphil and chief cells from a panel of primary parathyroid adenoma specimens. As shown in Fig. 5A , CASR immunoreactivity is detected on the surface of both oxyphil and chief cells. For quantitation of the relative abundance of CASR-positive cells within each population, at least 100 cells per field were counted in each of three different fields, and the proportion of CASRpositive cells was calculated as a percentage. Both cell populations were found to contain similar proportions of CASRpositive cells (39.5 ± 6.3% for chief cells and 41.0 ± 6.2% for oxyphil cells) (Fig. 5B) . Second, we examined CASR transcript abundance in chief and oxyphil cells by quantitative reversetranscriptase polymerase chain reaction (qRT-PCR). Both cell types were found to contain equivalent amounts of the CASR mRNA (Fig. 5C ). Because oxyphil and chief cells differ greatly in their calcium responsiveness as evaluated in the flux assay, the presence of comparable CASR expression in both populations indicates that the degree of calcium responsiveness in parathyroid cells is not solely determined by CASR abundance.
The functional and morphological heterogeneity we observed within primary parathyroid adenomas and their cell isolates raised the question of whether the originating tumors were uniformly clonal as is widely believed (8, 9) . To test this concept, we probed for allele-specific X-inactivation in parathyroid adenoma cells derived from female patients at two highly polymorphic imprinted loci, the human androgen receptor (HUMARA) (20) and the phosphate glycerate kinase PGK genes (21) . Five female HUMARA locus informative cases were subsequently assessed for clonality. Two of the five cases were found to be monoclonal using both whole adenoma tissue and laser-capture microdissected frozen-section specimens as input (Fig. 6A) . In contrast, the remaining three cases showed a polyclonal pattern both in whole adenoma tissue and microdissected frozen-section specimens (Fig. 6A ). Patient-matched peripheral blood lymphocyte genomic DNA was used in as an allelic control to demonstrate the polyclonal status of the HUMARA locus in all five of the cases tested. We next probed for the clonal status of isolated oxyphil and chief cells and found that these cells reflected the same clonality pattern observed in the originating patient-matched whole adenoma tissue (Fig. 6A ). In the monoclonal cases, the oxyphil and chief cells both harbored the same maternally imprinted HUMARA allele, indicating that these populations arose from a common progenitor. Conversely, in the polyclonal specimens, both the oxyphil and chief populations were found to contain equal representations of each imprinted HUMARA allele, indicating the nonclonal provenance of both cell types. To confirm the HUMARA findings, we also performed methylation-sensitive PCR of the imprinted PGK gene (21) . Of 8 HUMARA locus informative cases, 4 were monoclonal and 4 were polyclonal; of 9 PGK locus informative cases, 7 cases were monoclonal and 2 were polyclonal (Fig. 6B) . Three cases were informative at both HUMARA and PGK loci, and all 3 yielded concordant results (2/3 monoclonal, 1/3 polyclonal). Altogether, 14 informative cases assayed by either method or both methods showed polyclonal origin in 5 and monoclonal origin in 9 parathyroid adenomas. A single tumor from a patient with renal failure-induced secondary HPT was investigated as control and showed polyclonal status in both HUMARA and PGK assays.
Discussion
Parathyroid neoplasias result in abnormal PTH secretion from an expanded population of parathyroid cells. With few exceptions, a significant body of prior work has shown that parathyroid tumors in PHPT are clonal and that aggregate dispersed parathyroid tumor cells secrete PTH in culture but can be poorly responsive to negative feedback by calcium. In our work to identify differential gene expression and mechanisms of abnormal calcium sensing in parathyroid adenomas, we noticed substantial heterogeneity in these tumors. This finding, coupled with the observed histologic heterogeneity of parathyroid adenomas, led us to design the current study to isolate and functionally characterize individual populations of cells from parathyroid adenomas. We report that parathyroid adenomas comprise variable proportions of chief cells, oxyphil cells, and infiltrating T lymphocytes and that the two parathyroid cell types manifest distinct functional properties. Parathyroid chief cells and oxyphil cells express similar amounts of CASR, and both exhibit attenuated PTH secretory responses to changes in ambient calcium. However, the respective cell types are markedly different in their baseline PTH production and intracellular flux response to extracellular calcium challenge. As the basis for this differential calcium responsiveness is not attributable solely to CASR relative abundance, additional mechanisms, including enhanced biochemical opposition to CASR signaling, altered CASR protein trafficking, or CASRindependent calcium sensing, may prove to be important functional determinants in these cells. Further, we show that a significant proportion of parathyroid adenomas causing PHPT are polyclonal rather than monoclonal. These results indicate that parathyroid tumors causing primary hyperparathyroidism are heterogeneous at the cellular and functional level and further show that some patients' tumors are monoclonal whereas other patients have polyclonal tumors. Expanded studies of a large number of patients with PHPT to assess frequency of these different tumor types and the clinical phenotypes associated with them will be needed to fully understand the meaning of these findings. It will be important in future studies to relate the variable biochemical behavior and clonal status of PHPT tumors to the presence of driver mutations in known parathyroid tumor suppressor genes and oncogenes such as MEN1 and CCND1 (22) . Earlier investigations using histologic methods have revealed that parathyroid adenomas comprise mainly chief cells, transitional oxyphil cells, and oxyphil cells. These observational studies were limited to analysis of fixed parathyroid tissue sections. Until the current work, the successful preparative isolation of living oxyphil and chief cells from human parathyroid adenoma tissue has not been reported. Using a flow cytometry-based approach, we analyzed 20 adenomas resected from patients with PHPT and determined the proportional representation of chief cells, oxyphil cells, and infiltrating T lymphocytes in the primary tumor. Wide variations among adenomas were observed. In contrast, the distribution of these cell types proved remarkably consistent in a series of five histologically normal parathyroid glands ipsilateral to adenomatous tissue. This result suggests that the variable composition of parathyroid adenomas relative to normal tissue could reveal a greater degree of functional heterogeneity among primary parathyroid adenomas than is currently appreciated.
To address this question, we isolated live oxyphil and chief cells from parathyroid adenomas and compared the behavior of the respective cell types in functional assays measuring calcium responsiveness and PTH secretion, two definitive performance metrics of parathyroid gland function. Our data indicate that the subpopulations of chief and oxyphil cells within a given parathyroid adenoma display clearly different quantitative responses to extracellular calcium stimulation. In all cases tested, oxyphil cells responded much more strongly than chief cells to increased ambient calcium concentration. Baseline PTH production under normocalcemic conditions (1.25 mM) in individual patientmatched pairs of chief and oxyphil cells was significantly higher in oxyphil cells relative to the chief cells. The enhanced calcium sensitivity and increased PTH production we observed in oxyphil cells relative to chief cells is consistent with a recent report that used immunohistochemistry to compare oxyphil and chief cell gene expression in hyperplastic parathyroid tissue from patients with hyperparathyroidism secondary to chronic kidney disease (23) . In their study, Ritter et al. (23) demonstrated elevated expression of parathyroid-relevant genes including PTH and PTHrP in oxyphil cells relative to chief cells. In conjunction with this finding, our data support the notion that oxyphil cells are important functional participants in the calcium-sensing and secretory properties of parathyroid tissue. Although the numbers of patients studied are too small to form clear conclusions, the behavior of preparatively isolated chief and oxyphil cells appears similar to the activity of each of these cell types when analyzed as unsorted cell suspensions. Further, in vitro basal and calcium stimulated PTH production by isolated cells did not correlate with severity of patient disease, underscoring the complex physiology of calcium homeostasis in patients.
CASR down-regulation is generally believed to be the principal mechanism for the abnormal calcium-PTH set-point relationship in patients with parathyroid tumors. If this assumption is true, then CASR expression should be significantly reduced in all parathyroid tumors, and calcium responsiveness should be demonstrably dependent upon CASR expression. The data in our study challenge this prevailing model. We show that chief and oxyphil cells display comparable CASR expression at both the protein and transcript levels, yet oxyphil cells are clearly more responsive to calcium and exhibit consistently higher basal PTH secretion. These data indicate that CASR expression is not the sole determinant of PTH production and calcium responsiveness in the parathyroid gland and suggest that the elevated PTH associated with PHPT could be reflective of not only increased tumor-cell number but also the higher basal PTH secretion profile of oxyphil cells compared with chief cells.
Our study indicates that the presence of lymphocytic infiltration is a common feature in parathyroid adenomas. Using flow cytometry, we identified the parathyroid adenoma-derived P3 population as T lymphocytes expressing the leukocyte common antigen CD45 and T-cell receptor unit CD3. Additional marker studies revealed the T lymphocytes to be CD45
+ . The role of immune cells in the pathogenesis of human parathyroid adenoma is less clear. Immune cells can release inflammatory mediators with proangiogenic and prometastatic effects. Tumor cells can express antigens and become targets for a T cell-mediated adaptive immune response. The presence of high numbers of tumor-infiltrating lymphocytes, particularly T cells, has been found to be a major predictor of favorable clinical outcomes in several solid cancers (24) (25) (26) . These findings support the hypothesis that the adaptive immune response influences the behavior of human tumors. However, lymphocytic infiltration in parathyroid adenoma is rarely reported (27) , which suggests that our current findings may represent a newly recognized histologic feature. Because we found lymphocytes in both normal and adenomatous parathyroid glands, the role of these T cells is still unclear. As the ratio of effector (CD8 + ) to helper (CD4 + ) T cells in P3 lymphocytes recovered from parathyroid adenoma tissue is consistently distinct from the 1:2 ratio maintained in the bloodstream, it is clear that the P3 population represents tumor infiltrating lymphocytes (TILs) rather than adventitious contaminating cells carried over from vascular elements. It is possible that the TILs may be homing to antibodies targeting CASR, PTH, or other parathyroid antigens and that antibody-mediated inhibition of CASR or clearance of CASR-expressing or PTH-producing cells could induce compensatory hyperplasia in the gland leading to adenoma development. Alternatively, the P3 TILs could be responding to inflammatory mediators, tumor-specific antigens, or senescence-associated proteins released upon oncogene-induced senescence and may be participating in tumor-clearance activities. Further study will be necessary to verify the functions of these immune cells and to discover any potential relationships to parathyroid disease.
Our results are at odds with the assumption of clonal expansion as the sole tumorigenic mechanism in parathyroid adenomas. The detection of 5 polyclonal adenomas out of 14 tested certainly suggests that monoclonal expansion and multi-or polyclonal proliferation may coexist as alternative mechanisms in the origin of primary parathyroid adenomas. Seminal work (8, 9) established that monoclonal proliferation is commonly found in primary hyperparathyroidism, yet subsequent studies using whole tissue (10, 11) have shown that polyclonal origin can occur in a significant subset of primary parathyroid adenomas. These studies were limited by the potential for contamination in samples not specifically enriched for individual cell populations. In our study, we used multiple independent methods of tissue sampling and two independent methods of clonality determination to establish definitively that both polyclonal and monoclonal mechanisms can give rise to primary parathyroid adenomas. Differences in reported frequencies of polyclonal versus monoclonal origin may be attributable to the lack of definitive pathological criteria for distinguishing adenoma from hyperplasia, sample size limitations in the number of parathyroid glands tested, as well as the application of different clonality assays with variations in methodology and the ability to exclude contaminating nonadenoma elements (11) . Recently, a new model has been described in which tumor heterogeneity arises through recruitment of proximate untransformed but hyperplastic cells into aggregation chimeras induced by a monoclonal population of tumor-initiating cells (28) . It is possible that a similar mechanism may contribute to the origin of the polyclonal adenomas observed in our study. Future studies will be required to analyze the genomic composition of parathyroid adenomas at single-cell resolution to determine whether polyclonal tumors are constitutively transformed or whether a monoclonal initiating component has induced hyperplastic expansion of neighboring untransformed parathyroid cells.
The current study demonstrates that flow cytometry can be used to identify, analyze, and recover functionally distinct subpopulations of live cells from human parathyroidectomy specimens. Using this approach, we show that parathyroid oxyphil and chief cells derived from parathyroid adenomas display clear differences in calcium responsiveness and PTH secretion. The differential activity and relative abundance of these distinct cell types could contribute to heterogeneity in clinical presentation, therapeutic response, and outcome in PHPT. Importantly, the demonstration of polyclonality within primary adenomas raises the possibility that such expansions may occur during an unrecognized prodrome phase analogous to the abnormal physiological contexts that drive the development of secondary parathyroid hyperplasia. Further work will be necessary to test these concepts in expanded patient cohorts to define the relationship of these findings to the clinical presentation and disease course of PHPT and to improve our understanding of the causes of primary and secondary parathyroid neoplasia.
Materials and Methods
Patients and Samples. Informed consent was sought from patients scheduled to undergo parathyroidectomy for PHPT. Consenting patients donated resected parathyroid tissue for study (Protocol Number 00007056, approved by the Institutional Review Board of the Duke University Medical Center). All of the patients were diagnosed with sporadic, nonfamilial PHPT on the basis of standard clinical and biochemical parameters, and all had a single parathyroid tumor removed at curative surgery. Viable dispersed parathyroid cells collected from the surgical specimens were preparatively sorted by flow cytometry prior to further analysis. Cellular morphology was evaluated by electron and light microscopy. Marker gene expression was detected by immunofluorescence, immunohistochemistry, quantitative reverse-transcriptase PCR, and analytical flow cytometry. Calcium responsiveness was detected via kinetic analysis of Fluo-4 AM fluorescence intensity. Clonality status was determined by PCR assays detecting X-chromosome inactivation at the highly polymorphic HUMARA and PGK loci. A full description of the experimental procedures may be found in the SI Materials and Methods.
